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(57) A device for producing phase conjugation of 
electromagnetic radiation using stimuiated Brillouin 
scattering (SBS), comprising an SBS cell having a liquid 
perfluorocarbon as an SBS medium. The liquid perf luor- 
ocarbon is selected from the group of compounds hav- 
ing the formula CxFy, wherein x > 1 and y > 4. 
Preferably, x > 4 and y < 16, and most preferably, 4 < x 
< 7 and 6 < y < 15. Also, a solid state laser comprising 
the device. Also, a method for reducing the aberrations 
in a laser beam, such as aberrations created when the 
beam passes through an amplifying medium compris- 
ing the step of generating phase conjugation by SBS 
using a liquid perfluorocartx>n as an SBS medium. Fur- 
ther, a method of producing an output laser beam com- 
prising the steps of, generating an initial laser beam 
using a laser arxi phase conjugating the initial laser 
beam by SBS using a liquid perfluorocarbon medium as 
an SBS medium. The liquid perfluorocarbon is selected 
from the group of compounds having the formula CxFy, 
wherein x > 1 and y > 4. Preferably, x > 4 and y < 16, 
and most preferably, 4 < x < 7 and 6 < y < 15. 
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Description 
BACKGROUND 

Lasers are finding an increasing number of uses in 
a variety of fields. Moderate to high power solid-state 
lasers with excellent beam quality are especially 
needed for military, industrial and commercial applica- 
tions. 

The quality of a laser is in part determined by aber- 
rations In the laser beam caused by the laser's amplify- 
ing medium. One method for correcting such 
aberrations Is by optical phase conjugation using a stim- 
ulated Brillouin scattering (SBS) having a stimulated 
Brillouin scattering medium. Phase conjugation using 
stimulated Brillouin scattering is particularly useful in 
solid state lasers because Q-switching provides the 
high peak powers needed to exceed stimulated Brillouin 
scattering thresholds in such lasers. Further, other 
options for removing aberrations, such as flowing the 
medium, are not available for solid state lasers. 

A number of substances have been used as the 
stimulated Brillouin scattering medium in solid state 
lasers, including benzene (CeHe), hexane (C6H-12), 
Freon 113 (C2CI3F3), carbon tetrachloride (CCI4), and 
methyl and dimethylcyclohexanes (C6H^2-CH3 and 
C6Hi2-(CH3)2. respectively). Each of these substances, 
however, has disadvantages. The presence of C-H 
bonds tend to absorb electromagnetic radiation having 
a wave length of approximately 1 ^im, and are, there- 
fore, not suitable for high power lasers such as Nd and 
Yb lasers which operate in this range. The chlorinated 
hydrocarbons, on the other hand, are associated with 
ozone layer depletion and are currently being phased 
out of industrial use. 

Therefore, there remains a need for substances 
capable of serving as stimulated Brillouin scattering 
medium for use in a stimulated Brillouin scattering cell, 
In combination with lasers, which do not deplete the 
ozone layer and which do not have significant absorp- 
tion near 1 pm. It would further be advantageous to 
have a stimulated Brillouin scattering medium which 
has a fast response time so that conjugation fidelity is 
preserved over a large dynamic range. It would still fur- 
ther be advantageous to have a stimulated Brillouin 
scattering medium which has a high damage threshold. 

SUMMARY 

The invention satisfies these needs. According to 
one embodiment of the present invention, there is pro- 
vided a device for producing phase conjugation of elec- 
tromagnetic radiation using stimulated Brillouin 
scattering (SBS). The device comprises an SBS cell 
having a liquid perfluorocart>on as an SBS medium. The 
liquid perfluorocarbon is selected from the group of 
compounds having the formula CJFy wherein x > 1 and 
y > 4. Preferably, x > 4 and y < 16, and most preferably, 



4 <x < 7 and 6 < y < 15. 

According to another embodiment of the present 
invention, there Is provided a laser for producing a laser 
beam. The laser comprises an SBS cell with a liquid 

5 perfluorocarbon as an SBS medium. The liquid perf luor- 
ocarkx)n is selected from the group of compounds hav- 
ing the formula CJFy, wherein x > 1 and y > 4. 
Preferably, x > 4 and y < 16, and most preferably, 4 < x 
< 7 and 6 < y < 15. In one embodiment, the laser has a 

10 power output greater than about 100 W. In another 
embodiment, the laser beam produced has a quality of 
less than about 2 x D. L. 

According to another embodiment of the present 
invention, there is provided a method for reducing the 

15 aberrations in a laser beam, such as aberrations cre- 
ated when the beam passes through an amplifying 
medium. The method comprises the step of generating 
phase conjugation using an SBS cell which has a liquid 
perfluorocarbon as an SBS medium. The liquid perffluor- 

20 ocarbon is selected from the group of compounds hav- 
ing the formula CxFy, wherein x > 1 and y > 4. 
Preferably, x > 4 and y < 16. and most preferably, 4 < x 
<7and6<y <15. 

According to yet another embodiment of the 

25 present invention, there Is provided a method of produc- 
ing an output laser beam. The method comprises the 
steps of, first, generating an initial laser beam using a 
laser. Then, phase conjugating the initial laser beam 
using an SBS cell which has a liquid perfluorocartx)n 

30 medium as an SBS medium. The liquid perfluorocarbon 
is selected from the group of compounds having the for- 
mula CxFy, wherein x > 1 and y > 4. Preferably, x > 4 and 
y < 16, and most preferably. 4 < x < 7 and 6 < y < 15. 
The method can additionally comprise the step of ampli- 

35 tying the initial laser beam after the generating step. 

DRAWINGS 

These and other features, aspects and advantages 
40 Of the present invention will become better understood 
with regard to the following description, appended 
claims, and accompanying figures where: 

Figure 1 is a schematic diagram of a laser having 
45 an SBS cell according to the present invention; 

Figure 2 shows the absorption spectrum of per- 
f luoro-methylcyclohexane and perf luoro-1 .3- 
dimethylcyclohexane; and 

Figure 3 shows a comparison of SBS reflectivity in 
50 conjugation fidelity of perfluoro-1,3-dlmethylcy- 
cloh^ane with Freon 113. 

DESCRIPTION 

55 According to one aspect of the present invention, 
there is provided a device for producing phase conjuga- 
tion of electromagnetic radiation using SBS. Further, 
there is provided a laser incorporating the device. 
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Referring now to Figure 1, there is illustrated a 
schematic diagram of a laser 10 having an SBS cell 12 
according to the present invention. As can be seen, the 
laser 10 further connprises a master oscillator 14, a 
polarizer 16, an amplifier 18 and a polarization rotating 
mechanism 24. The master oscillator 14 produces an 
initial, highly directed laser beam 20, which is directed 
by the polarizer 16 into the amplifier 18. The power of 
the Initial beam 20 is increased as it passes through the 
amplifier 18. However, inhomogeneities in the media of 
the amplifier 18 Introduce aberrations in the initial beam 
20. These aberrations are substantially reduced by 
passing the initial beam 20 into the SBS cell 12, thereby 
causing a phase-conjugate beam to propagate back- 
wards through the amplifier 18. This backwards propa- 
gation through the same inhomogeneities substantially 
corrects the aberrations in the initial beam 20. The 
beam 20 Is then polarization rotated and passed out of 
the amplifier 18 where it is reflected by the polarizer 16 
as an output laser beam 22 to a target (not shown). 

As stated above, a number of substances are 
known to be useful as an SBS medium in an SBS cell, 
such as Illustrated in Figure 1 . Among the substances 
are hydrocarbons such as benzene (CsHe.) hexane 
(C6Hi2), and methyl and dimethylcyclohexanes (CgH^-i- 
CH3 and C6H-,o-(CH3)2, respectively), as well as chlo- 
rine containing carbon compounds such as Freon 1 13 
(C2CI3F3) and carbon tetrachloride (CCI4). 

According to one aspect of the present invention, 
there is provided a device for producing phase conjuga- 
tion of electromagnetic radiation using SBS. The device 
comprises an SBS cell for phase conjugation having a 
liquki perfluorocarbon as an SBS medium. The liquid 
perfluorocartDon is selected from the group of com- 
pounds having the formula CJFy, wherein x > 1 and y > 
4. Preferably, x > 4 and y < 16, and most preferably, 4 < 
X < 7 and 6 < y < 15. Liquid perfluorocarbons are pre- 
ferred because they have faster response rates due to 
shorter phonon lifetimes (approximately 1 ns) and, 
therefore, have larger SBS dynamic ranges than gase- 
ous media. The short phonon lifetime allows the SBS 
process to follow the temporal buildup of the short (5-10 
ns) Q-switched pulses and limits the intensity at the 
focal region by moving the reflection region upstream of 
the focal point. Liquids are also preferable to solid SBS 
media because they typically have higher damage 
thresholds. 

Examples of liquid perfluorocarbons which are use- 
ful as SBS media according to the present invention 
include hexafluorobenzene (CgFg). perfluoro-methylcy- 
ciohexane (CgF-, 1-CF3), perfluoro-1 ,3-dimethylcy- 
clohexane (C6Fio-CF3)2. and liquefied forms of carbon 
tetrafluoride (CF4) and hexafluoroethane (C2F5). 
Advantageously, these compounds are not associated 
with ozone depletion. Further advantageously, this 
group of compounds has low levels of absorption near 1 
fim, the operating range for Nd and Yb lasers. 

These materials are commercially available, tor 



example, from Aldrich Chemicals, of Milwaukee, Wis- 
consin. Typically, these compounds are used in a rela- 
tively pure state, such as by taking commercially 
available materials having purity typically between 

5 about 80% and about 90%, distilling this material, and 
then running it through a 0.2 ^m filter (to eliminate par- 
ticulates). Mixtures of these materials can also be 
advantageously used in the invention. One of ordinary 
skill in the art will recognize that blending mixtures of 

10 these materials can be used to "tune" the SBS perform- 
ance for a particular application. For example, the fre- 
quency shift associated with each material is different. 
Where desired, the practitioner can obtain a precise fre- 
quency shift by the blending of two or more of these 

1$ compounds. 

Referring now to Figure 2, there are illustrated 
absorption spectrums for perfluoro-methylcyclohexane 
(top) and perfluoro-1, 3-dimethylcyclohexane (bottom). 
As can be seen, these compounds are very transparent 

20 at the mid infrared wavelengths. Therefore, they are 
suitable for high power lasers such as Nd and Yb lasers. 

Referring now to Figure 3, there are shown compar- 
isons between the reflectivity and conjugation fidelity 
between Freon 113 (filled squares) and perfluoro-1, 3- 

25 dimethylcyclohexane (filled diamonds). As can be seen, 
both perfluoro-1, 3-dimethylcyclohexane and Freon 113 
exhibit similar properties with respect to these parame- 
ters. 

According to another aspect of the present inven- 

30 tion, there is provided a laser having an amplifying 
medium. The laser comprises an SBS cell for reducing 
aberrations caused by inhomogeneities in the amplify- 
ing medium by phase conjugation. The components 
include a liquid perfluorocarbon as disclosed herein, as 

35 an SBS medium. The perfluorocarbon is selected from 
the group of compounds having the formula CxFy, 
wherein x > 1 and y > 4. Preferably, x > 4 and y < 16, 
and most preferably, 4 < x < 7 and 6 < y < 1 5. Examples 
of suitable liquid perfluorocarbons include CF4, C2F6, 

40 CeFg. C6Fii-CF3 and C6Fio-(CF3)2- 

Lasers according to the present invention can have 
a power output greater than about 100 W. Further, 
lasers according to the present inventfon can have a 
beam quality less than about 2 x D.L. 

45 According to another aspect of the present inven- 
tion, there is provided a method for reducing aberrations 
in a laser beam created when the beam passes through 
an amplifying medium. The method comprises the step 
of phase conjugating the amplified beam using an SBS 

50 cell having a liquid perfluorocarbon as the SBS medium. 
The liquid perfluorocarbon is selected from the group of 
compounds having the formula CxFy, wherein x > 1 and 
y > 4. Preferably, x > 4 and y < 16. and most preferably, 
4 < X < 7 and 6 < y < 15. Examples of suitable liquid per- 

55 fluorocarbons include CF4, C2F6, CqFq, C6F11-CF3 and 

According to another embodiment of the present 
invention, there is provided a method of producing an 
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output laser beam. The method comprises the steps of, 
first, generating an initial laser beam using a laser. 
Then, the initial laser beam is phase conjugated by SBS 
using a liquid perfluorocarbon medium as an SBS 
medium. The liquid perfluorocarbon is selected from the 
group of compounds having the formula CxFy wherein x 
> 1 and y > 4- Preferably x > 4 and y < 16, and most 
preferably 4 < x < 7 and 6 < y < 15. The method can 
additionally comprise the step of amplifying the initial 
laser beam after the generating step. 

EXAMPLE 

Comparison tests were made using the laser 
assembly shown in Figure 1. In a first test, Freon 113 
was used in the SBS cell. In a second test, perfluoro- 
1,3'dimethylcyclohexanes was used in the SBS cell. 

The two tests were conducted under identical con- 
ditions. After the test work was completed, comparisons 
of reflectivity and conjugation fidelity were made. These 
comparisons are shown in Figure 3. As can be seen 
from these results. perfluoro-1,3-dimethylcyclohexane 
exhibits reflectivity and conjugation fidelity properties 
substantially similar to those exhibited by Freon 113. 
Therefore, this test work shows that perfluoro-1,3- 
dimelhylcyclohexane can be conveniently used in place 
of Freon 1 13 without loss of performance and with con- 
siderably increased advantage to the environment. 

Although the present invention has been discussed 
in considerable detail with reference to certain preferred 
embodiments thereof, other embodiments are possible. 
Therefore, the spirit and scope of the appended claims 
should not be limited to the description of the preferred 
embodiments contained herein. 

Claims 

1. A device for producing phase conjugation of elec- 
tromagnetic radiation using stimulated Brillouin 
scattering comprising a stimulated Brillouin scatter- 
ing cell having a liquid perfluorocarbon as a stimu- 
lated Brillouin scattering medium, wherein the 
perfluorocarbon is selected from the group of com- 
pounds having the formula CxFy wherein x > 1 , and 
mixtures thereof. 

2. A laser for producing a laser beam, the laser com- 
prising a stimulated Brillouin scattering cell having 
a liquid perfluorocarbon as a stimulated Brillouin 
scattering medium, wherein the perfluorocarbons 
selected from the group of compounds having the 
formula CyFy, wherein x > 1 , and mixtures thereof. 

3. The device according to claim 1 or 2. wherein the 
liquid perfluorocarbon having the formula CxFy is 
selected from the group consisting of CF4. C2F6. 
CgFe. C6F11-CF3 and C6Fio-(CF3)2. 



4. The device according to claim 1 or 2, wherein x < 7, 
and/or wherein y > 4, and/or wherein y < 15. 

5. A laser according to claim 2, 3 or 4 having a power 
5 output greater than about 100 W. 

6. A laser according to claim 2, 3. 4 or 5, wherein the 
laser beam produced has a quality of less than 
about 2 X D.L. 

10 

7. A method for reducing the aberrations in a laser 
beam, such as aberrations created when the beam 
passes through an amplifying medium, the method 
comprising the step of generating phase conjuga- 

75 tion by stimulated Brillouin scattering using a liquid 
perfluorocarbon as a stimulated Brillouin scattering 
medium, wherein the perfluorocarbon is selected 
from the group of compounds having the formula 
CxFy, wherein x > 1 , and mixtures thereof. 

20 

8. A method of producing an output laser beam, com- 
prising the steps of: 

(a) generating an initial laser beam using a 
25 laser; 

(b) phase conjugating the initial laser beam by 
stimulated Brillouin scattering using a liquid 
perfluorocark)on medium as s stimulated 
Brillouin scattering medium, wherein the per- 

30 f luorocarbon is selected from the group of com- 

pounds having the formula CxFy wherein x > 1 . 
and mixtures thereof. 

9. The method according to claim 7 or 8, wherein the 
35 liquid perfluorocarbon is selected from the group 

consisting of CF4, C2F6, CeFe, C^F^^-CF^ and 

10. The method according to claim 7, 8 or 9, wherein x 
40 < 7 and/or wherein y > 4, arxi/or wherein y < 1 5. 

11. The method according to claim 7, 8. 9 or 10, 
wherein the laser In the generating step is a solid 
state laser. 

45 

12. The method according to claim 8, additionally com- 
prising the step of amplifying the initial laser beam 
after the generating step. 

so 
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(54) Ozone compatible stimulated brillouin scattering materials 

(57) A device for producing phase conjugation of 
electromagnetic radiation using stimulated Brillouin 
scattering (SBS), comprising an SBS cell having a liquid 
perfluorocarbon as an SBS medium. The liquid perfluor- 
ocarbon Is selected from the group of connpounds hav- 
ing the formula CyFy, wherein x > 1 and y > 4. 
Preferably, x > 4 and y < 1 6, and most preferably, 4 < x 
< 7 and 6 < y < 15. Also, a solid state laser comprising 
the device. Also, a method for reducing the aberrations 
in a laser beam, such as aberrations created when the 
beam passes through an amplifying medium compris- 
ing the step of generating phase conjugation by SBS 
using a liquid perfluorocarbon as an SBS medium. Fur- 
ther, a method of producing an output laser beam com- 
prising the steps of. generating an initial laser beam 
using a laser and phase conjugating the initial laser 
beam by SBS using a liquid perfluorocarbon medium as 
an SBS medium. The liquid perfluorocarbon Is selected 
from the group of compounds having the formula CxFy, 
wherein x > 1 and y > 4. Preferak)ly, x > 4 and y < 16. 
and most preferably, 4 < x < 7 and 6 < y < 15. 
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